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Nonlinear inductive response of high temperature superconducting films
measured by the mutual inductance technique
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The dependence of the penetration depthn current densityl in an unpatterned superconducting

film can be measured with a pair of small coaxial coils positioned on opposite sides of the film.
Mutual inductance measurements in this configuration with a direct-cudenturrent component

in one of the coils provide a means to determk{d). It is possible to separate out the effects of
heating by initially trapping a persistent current in the film. The nonlingarrent-dependent
coefficients of\(J) measured by this “dc” technique agree well with those measured by third
harmonic generation in coplanar waveguide transmission lines at 5 GHz. This nondestructure
technique could be used to screen films before incorporating them into circuits sensitive to nonlinear
effects. [S0003-695099)03226-X

In microwave circuits using highl. superconductor The method used here to extragt)) has been described
(HTS) thin films an important issue is the occurrence of non-previously® In brief, the penetration depth is measured using
linear effects, such as intermodulation distortion and hara pair of coils on a common axis positioned on opposite sides
monic generation. These effects can be particularly detri- of the film. As long as the coil dimensions are sufficiently
mental for applications with large current densities, such asmall compared to the lateral extent of the film, the mutual
high Q filters or resonators, or high power devices. Manyinductance between them can be shBWio be proportioanl
observed nonlinear effects can be modeled by assuming thie N/sinh@d/\), whered is the film thickness. Since the pro-
presence of a nonlinear inductance which arises due to portionality factor can be calculated from the coil param-
current-dependent superconducting penetration depth of theters, a mutual inductance measurement yields the absolute

form:? value of the penetration depth with resolution that can be less
than 0.1 nm in practic®.
N2(T,3)=\%(T,0)[ 1+ (I/d0)?]. (1 A current in either of the coils induces a screening cur-

rent in the superconducting film. Thus, if the drive coil has a

) ) ] dc current as well as the alternating-currésd) component
Low power third-order intermodulation measurements Ofrequired to measure mutual inductance, the penetration depth
resonators made from films of ;Ha,CaCyO, (TBCCO), of the film in te presence of a dc current is obtained. In order

and third harmonic generation measurements of coplangp generate the largest film current for a given coil current,
waveguide transmission lines made from ¥B80, he coil closest to the film should be used as the drivecoil.
(YBCO) thin films” have been quantitatively described as-pe screening current induced in the film has a strong radial
suming this form fork(J). The parameted, can then be  yenendence with a maximudi,., centered about the median
used as a figure of merit for quantifying the nonlinear re-¢; ragiys, It has been arguthat the measured penetration
sponse of a particular materi@ larger value ofl; yields a depth is mostly governed hy; ., that is, the measured de-
smaller nonlinear responseHowever, the values obtained Eendenca\(Jmax) is quite close(but not necessarily identi-

for Jo from such nonlinear measurements are meaningfuly) 15 the actual (J) dependence of the film. In this letter
only as long as Eq(l) is a good approximation fax(J). we represent the current density in the film Iy,

. In this letter we show that a low frequency, noncontact—zklcon/m whered is the film thickness and the parameter
ing measurement of unpatterned HTS films can be used tQ ajculated from the coil geometry to ke 1.6x 10°/m. If
determine\ (J). Results of this measurement technique CONgq. (1) applies, the change in penetration depth
firm the suitability of Eq.(1) for describing nonlinear effects =\(T,J) =\ (T O’) resulting from a dc component of coil

in_ YBCO sz_imples, and the_ values obtainedJglagree well current is then given by\\ = (A/2) (k/dJo)2(1 .o1)2, Where
with those inferred from microwave measurements. In add")\=)\(T,O) and we have assumeidJ,<1 in Eq. (1).

tion to allowing films to be vetted as to their suitability for — An important practical difficulty is that power dissipated
use in microwave circuits prior to patterning, the values Ofby a dc current in the drive coil heats up the film, which in

A(J) obtained by this technique should also enable the preg) i jncreases the penetration depth by virtue of its tempera-
diction of the nonlinear response of patterned microwavgre gependence. It is not possible to distinguish this effect

o

devices. from the dependence in E@l) of \ on current, since both
depend quadratically on coil current. This was not a problem

¥Electronic mail: john.claassen@nrl.navy.mil for the data reported in Ref. 5, which were taken at low
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8 T around 4 times smaller than the heating contributian yet
25 % : the signal-to-noise ratio is good enough to deternfirveith
5 : an uncertainty of~10%. We can then extract a value of
— : Jo=(k/d)(\/2b)?=2.8x 10" A/lcm?. The heating effect in
5 1.5 : this example represents the most extreme case among films
= 1 we have examined. Consideration of E8) shows that the
< 905 coefficientb will be grater for samples with smaller thick-

ness or smalled,, while the heating effedtcoefficienta) is
proportional tod\/dT which is independent of film thick-
ness. In Fig. (b) we show data from a 50 nm YBCO film,
cooled with a coil currenlt,,;=2.5 mA. The fitted value of
is around 6 times greater tham yielding a more reliable
result forJo=3.1x 10" Alcn?.

In samples wittd>\, the current density is not uniform
1 across the film thickness. For this case we define an average
B current densityJ,,=kl.;/d, and the mutual inductance
] measurement gives an average penetration degth) (It is
7 just these average quantities that are relevant in predicting
] the nonlinear response in a microwave circuit. However, we
should not expect the measurkg,{J.e dependence of a
thick film to exactly mirror the intrinsic dependence of the

5 -4 -3-2-10 1 2 3 4 5 material.
drive coil current (mA) To compare the dc measurementJgfwith an rf mea-

6. 1 The ch . ration dentlas a functio of d it surement, we prepared three separate series of YBCO films

L € Cchange of penetration ae S a tunction ot dc current In the Y H H H . H
drive coil at 78 K,%‘or(a)pa 450 nm YB(?(I) film cooled with,,=25 mA in by laser depo§|_t|on. The. .Se”es dlffe_red by either fllm.thICk_
the drive coil, andb) a 50 nm YBCO film cooled with ;,,= 2.5 mAinthe ~ N€SS Of deposition cpndltlons. One f'_lm f_rom each Series was
drive coil. The lines are fits to the for@l i) 2+ (1 coi— | yrap) >+ C. measured as described above, while its companions were
patterned into a series of coplanar waveguide transmission
lines and tested for third harmonic generation at frequencies

temperatures and with low coil current. However, for appli- X
cations of HTS materials, there is an interest in measure?l 3 @nd 5 GHz. Analysis of these results by the method of

ments around 77 K. Here the heating problem can be signifief- 4 yielded values of the nonlinear scaling currely) &

cant since the coil resistance is largkrhas a fairly strong Which were shown not to depend on line length or dimen-
temperature dependence, and the coil current required to ofions. We found remarkable agreement between the rf and dc
serve an effect is larger. values ofJy: 29, 28, and 18 MA/cy compared to 31, 35,

For measurements of HTS materials, we use a techniqu@nd 19 MA/cri. The first two values are for thicknesses of
based on the large pinning in HTS films to separate the ef20 and 400 nm but otherwise identical growth conditions,
fects of heating and film current on The sample is cooled demonstrating thad, does not depend strongly on film
through its transition with a curre,in the drive coil. The thickness. .
magnetic field due to this coil current becomes frozen in the ~Measurements by the dc technique were also performed
film as trapped flux vortices below the transition, but noOn a second series of commercially obtained HTS films pre-
macroscopic screening currents develop. This is a wellPared by off-axis sputtering. A 450-nm-thick YBCO film on
known result of cooling a superconductor in a field and is & buffered LAO substrate yielded a vallg=28 MA/cn?
consequence of the large field energy required to expel field§at is quite comparable with the best of the PLD samples.

in this geometry. The film current subsequently is given byFigure 1a) shows the data from this film. A second 350-nm-
Imax=K(lcoi—lwap/d, and we expect a current-induced de- thick YBCO film on a buffered sapphire substrate yielded a
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pendence of the penetration deﬁ?h Substantially lower value Oﬂoz5 MA/cm?. Results from
_ s ) the third sample, 650-nm-thick TBCCO on a LAO substrate,
AN=(N2)(KIdJo)“(F ot~ lrap) ™ @ are given in Fig. 2. In this case the nonlinear response is

The heating effect as before will depend on power dissipatethuch greater than the estimated heating effect. For compari-
in the coil asA)\heatmg~(lcoi,)2, where the proportionality son, we also show the deducad (J) data from the samples
depends on the thermal coupling between coil and film, coilvhose raw data are shown in Fig. 1.
resistance, etc. For the TBCCO film, thex(J) dependence is quadratic
Figure Xa) shows a measurement &k as a function of only in a very small range of current. Recent measurements
coil current for a 450-nm-thick YBCO film at 78 K, which of intermodulation in a microstrip resonatbrfit a depen-
had been cooled with a coil currei,;=25 mA. The mutual ~ denceA\~ |3|*2 better tham\\ ~ J?. The resonator was fab-
inductance at each dc current level was measured after theticated from TBCCO films obtained from a different supplier
mal equilibration with an ac current component of 2.5 mA atthan that reported here and thus cannot be directly compared.
a frequency of 10 kHz. These data can be well fitted to aNevertheless, it is striking that the inferréch (J)~|J| de-
dependenceAN =a(l .;)%+ b(lcon—ltrap)z, with 1y,,=25  pendence in Ref. 11 is qualitatively similar to that observed
mA. The coefficient of the current-induced terfh) is in Fig. 2.
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A e A B ARG wave circuit prior to the patterning and contacting. In addi-
2 ] tion the measurement gives the penetration depth, which is
: needed to calculate the nonlinear response and figures impor-
tantly in the surface resistance. Heating effects can be distin-
guished from a quadratic current dependence of the penetra-
tion depth by trapping a current in the film. The observed
)ig ] nonlinearity in the best films is significantly larger than pre-
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